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ADDITTIONAL ENERGY LOSSES IN COOLED GAS-TURBINE POWERPLANTS AND /152%
THEIR INFLUENCE ON SPECIFIC CYCLE PARAMETERS
V. I. Lokay and R. G. Khayrullin

ABSTRACT % %qé /

Discussion of the additional energy losses that take

6 el

place in a gas turbine with air- or liquid-cooled vanes,

as compared to the uncooled version of the turbine. Three
types of principal losses are examined: (l) additional
hydraulic losses caused by both the inferior geometry of the
working section and the structural changes in the cooled
boundary layer on the rotor vanes, which, it is shown, for an
appropriate geometry of the cooled vanes need not exceed 1.5
to 2 percent; (2) additional thermodynamic losses arising
from heat release by the gas when expanding in the working
gsection, which, in the case of air-cooling, are shown to be
small but, in the case of multistage high-temperature turbines
employing liquid cooling, will exceed the combined other losses;
(3) additionai energy losses associlated with the supply of the
cooling medium to the vanes, which are low in the case of

liquid-cooling but constitute the majqr part of the total

losses for air-cooling and depend primarily on the parameters

*Numbers given in the margin indicate the pagination in the original foreign

text.
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and relative flow rate of the coolant. The effect of the

individusl type of losses on the cycle parameters is ex-
S
amined. W

The introduction of cooling in gas-turbine power plants gives rise to
energy losses which are greater in comparison to those found in the noncooled
variant. These principal energy losses are examined below.

1. The additional hydraulic losses (( appear because of the inevitable

a-h)
flow geometry deterioration, in comparision with the noncooled variant, and the
structural alteration in the cooled boundary layer of the actuating blades.
Detailed examination of thege losses shows that a rational choice of the cooling
grate geometry (with the compromise between a high efficiency requirement and

a high cooling effectié%ess) may give { 5.y, values not exceeding 0.015 - 0.02.

2. The additional thermodynamic losses (Aﬁb) appear because of the heat
removal from the gas during the process of its expansion in the turbine proper.
In the air-cooled turbines these losses are usually small (ref. 1).

In high temperature multistage turbines with the intense liquid cooling
they constitute the main portion of the additional losses, which can amount to
5-6 percent (refs. 2 and 3) of the available turbine heat gradient (HO).

As a result of an assumption of uniform turbine heat gradient distribution,
an approximate (accurate to within 10 percent) formula for the determination

of Aﬁo was obtained

(1)

where ﬁc is heat released due to cooling in the region of Ho.



A quantitative estimate of g, may be made according to references 1, 4
1 . . (k - 1)
§ =1 - —ﬁ.(ét - degree of turbine pressure reduction), m =
8%
(k - isoenthropy indicator), z - number of stages, n

o - number of cooling

banks. The approximate relationship is

~o 0T 2 2
n, ~2 ™ 't(l—T?qQ ) (2)
where cp- specific heat, Ty - atmospheric air temperature, hy - stage /153
T*3 - Tal
heat gradient, T = - - cycle temperature ratio increase, Tgy = — (Tal -

a
allowable blade temperature).

Taking into account the additional hydraulic and thermodynamic losses due

to cooling, the relative internal turbine efficiency is
nT.Q = (1 - Coh)(l _AHO) = 71;(1_' Al—_jo)-: (3)

where nt - relative internal noncooled turbine efficiency includjng the heat
recovery ratio, T'y - as above with consideration of the additional hydraulic
losses.

3. Additional energy losses associated with the selection, preparation
and the delivery of the coolant to components arise under any method of cooling.
With liquid cooling these losses are usually small. On the contrary, with air-
cooling they constitute the principal portion of the additional losses and they
depend mainly on the coolant parameters and its relative consumption (G,).

Obviously, the amount of gas entering the cooling stage will be

a
B i

s _G . |
Gﬁ:c =(—~G. )k, (1)



where G8 is the quantity of air passing through the first compressor stage and

=1+ 919~1.015 - 1.025.
o ol

The magnitude of éc may be evaluated according to reference 1,

K

With the aid of formulas (1)-(L4) an analysis may be made of the effect of
losses due to cooling on the specific cycle parameters of various types of gas-
turbine power plants and on the optimum choice of Tk.opt -

Thus, for the cooled nonairborne gas-turbine power plant with heét regenera-
tion of the withdrawing gases (discounting the effect of the cooling air in the

turbine subsequently to its delivery into the turbine proper) we have

L =cT (= Gs—L 1
“repe P a\"re Yot TS TT) (%)
3 1 7
"l'rc - —
z 11—
— i Uy ;
Terpp, — Mmy P _ PR | i (6)
g e 0l —0)) R y—— < T 1—n
where 1 =1 - —é—, ﬂk - 1isoenthroplc compressor efficiency, 5 - degree of gas~
2 :
k

turbine power plant compressor pressure increase, ﬂm, ﬂg - mechanical efficiency
and combustion chamber efficiency, o - degree of regeneration, kyg = 0.99 - 0.98 -

a factor accounting for the gas temperature decrease due to cool air mixing, 6

1-T
7 T Vipg VopiVep? (Vipg -

and T are related by the expression § = 1 - —
Y
total inlet pressure loss factor, Vopl - total outlet pressure loss factor,

Vepl - total combustion chamber pressure loss factor). /154

With the aid of the auxiliary Lagrange multipliers from the expressions

ofilld _ o L) _ o (L) —0

on,, oG o ;
9 fT (c o (4 d ’ (7)

f2(1e) f2 (1) _ f2(ne) _ ¢,

/‘0.7;1._ c 653 . or !



it is easy to find the equations determining ﬁ%?opt.c and “E?Opt.c. For nkPg%%%é

we obtain

F=1“"—:—Vm—~—- Vm—l-—l—H, 1+9; " —
Ry i (1407,

L (&)
(1—6{:)7"}!(’3{133(1'—”)2 - '

(ao = ThN¢, o5 S - factor determined according to reference 1, kp.g=~1.05 - 1.15 -

factor accounting for the heat exchange through the blade bases).

Temax .
With ny opt.c We have the equation

= 2
(=) -
1—-G,

Greec &, By Sep Ty ag (1= 1Y

N kf“cn"mwmax[l N m.rc Ge 1 HNOT—=1+1D)~ (9)
1—o vn
I %%U—”P]+ﬂ=a

With ligquid cooling in formulas (5) (6) and (8), (9) it is necessary to

assume
Gy = ky and G = 0

In the analysis of nonregenerative gas-turbine power plants with cooling in
(6) and (9) it is necessary to set 0 =0 and v = Vepl -

It is easily seen that for the noncooled case, when G, =0, %c = 0, the
regular formulas for the noncooled gas-turbine power plants can be determined
from (5), (6), (8), (9).

For the aircraft gas-turbine power plant, as an example, let us present a

relationship derived by the indicated method for the cooled high pressure

turbounit.



The equivalent specific power

N,

. = 1—17 L
€.5.C f*l;n"cpra "Ggflrc'—<1_— -8 ,—— aoas ]_—n>+
: . — . - o (10)
+5E/<1_1_:_”>LQ_-_K2__ - :
8 ! My
. N ‘ Mr P

The equivalent specific fuel consumption

. . 1 o
C@.&.C =~ (“lo'NQ_ &> "l (ll)

In (10) and (11)

(125
1':"5' —1
§=(v“’PV.ﬁP" )m, T= 1 +-Lq-z-—-— 3

. Gist BV . . .
= 7 QCpfa:(l—n—*)(l—l—AH,)

T

V -~ flight speed, ﬂp - propeller efficiency, = ;- degree of pressure increase

in the input facility, O35t - Jet speed factor, Aﬁr - heat recovery factor, W _ L
§Laaeﬂcg o?LnPut €acilitu

et -
o~ —= — 7 s
— e, T,
Gﬂf—7(1+m:1—/JJ P

gt - effective calorific value of the fuel,
Nemax .

Tk .opt.c can be found from the equation

(12)



ni?ﬁ%%.c can be obtained from the relationship

al N . ‘ by - Gi o

£.8.C __‘ 1. + N Ra_ﬁ Gc +

® o (A—1T) 2.gc- kth'c-Gs(l——ﬂ)2 :

- b N e i o
L L . (13)

where by = cpTa-T“ﬂi-ﬂm.

Figure 1 shows the relationships between Logrppes No. 5.2 Tegrppe 804 Ce.s.c
as funétions of ny for various values of T, calculated with the aid of these
formulasl.

Figure 2 shows,as an example, how the losses due to cooling influence the
magnitudes of the simple (curves 1, 5, 6) and the regenerated (curve 2) cycles.

Curves 8, 10, 11 represent the maximum performance reduction, and 13,
15 - the maximum efficiency of the simple cycle due to additional losses
due to cooling.

It should be noted that every point on curves 8-16 has a correspond- /157
ing optimum degree of compressor pressure increase (by equations (8), (9), (12)
and (13)).

Other types of aircraft (turbo-jet, turbo-jet with afterburners) and non-
airborne gas-turbine power plants (with complex cycle) were analyzed with the
same method.

In all cases:

(1) the increase of T§ subgstantially improves the gas-turbine power plant

specific cycle parameters,

1The calculations were made: Tor the high-pressure turbounit with m = 0.25,

e

The

it
n

0.85, M = 0.9 for the gas-turbine power plant with A (air) m = 0.25,

0.85, N

1
[l

0.9 with D (liquid) same, T = 0.85.
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Figure 1. The variation of Lggypp f,\Ne-s, Ce.g a8 a function of degree of

compressor pressure increase (W - without cooling, A . air cooling, D -
liquid-cooling) 1 - 5 - Cq.g (Ta1 = 1100°K); 6 -~ 9 - Tegppp (Ta1 = 923%K);
1100°%K, H = 0

0.8).

I

O
10 - 13 - Lyampp (Ty1 = 923 K) 1b - 18 - Ny g (Ty1
My =0); 19 - 20 - Ng 4Ty = 1100°K, H = 1lkm, M=
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Figure 2. The influence of cooling on the gas-turbine power plant

specific indicators and the optimum degree of compressor pressure

increase: 1 - 6 - variation of “i.opt (1, 2 with Ty, = 923°K, 6 with

Tg1 = 1000%K), 8 - 12 - variation of LegTpp max (With the same Tg3),

13-16 - variation of MeGTPPmax (With the same Tgy), =-~-=--- the non-

cooled case,

(2) the additional iosses due to cooling noticably diminish the effect of
T§ increase, especially when air cooling is used,

(3) the optimum degrees of compressor pressure increase (for the generation
of LeGTPPmax OF MeGTPPmax) for the cooled gas-turbine power plant, with the same
T, appeﬂi Bojbe substantially lower, than for the noncooled case (compare figs.

> and 4i .
1 and 3?A anti 5, 6 and 7). The latter indubitably simplifies the problem of

e
creation of a compressor with a high effectizpess.
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